An impact load on a thick carbon fiber reinforced plastic (CFRP) plate usually causes a dent. The dent results in a decrease of electrical resistance. Our previous paper demonstrated the effect of the dent in the measurement of electrical resistance change of a thick CFRP plate subjected to impact loading. The present paper focuses on the electrical resistance decrease caused by the dent. Numerous FEM analyses were performed, and the relationship between electrical resistance changes and delamination location was constructed, by measuring the response surfaces. Several experiments were conducted and the measured electrical resistance changes were used to predict damage location from the response surfaces. The present study shows that the dent decreases the electrical resistance change ratio even in the adjacent segments, and the electrical resistance changes caused by the dent enable us to monitor the damage location. FEM analyses for a projected area model are sufficient to construct the relationships without resorting to many experiments.
Introduction
The electrical resistance change method is one of the health monitoring methods for carbon fiber reinforced plastics (CFRP) laminated composites. Many researchers have published applications of the electrical resistance change method for damage detection of these composites (1) - (8) . We have been doing continuous research on the electrical resistance change method for damage monitoring (9) - (17) .
For thin CFRP laminates (16) , delamination cracking can occur for lower indentation loads. The delamination cracks cause an electrical resistance increase because a delamination crack impedes the electric current path. For thick CFRP laminates (17) , however, damage occurs at higher indentation loads. When the indentation load is high, a dent is made with delamination cracking. The dent causes a decrease in electrical resistance in the thickness direction. The present study focuses on thick CFRP laminated composites because they are usually adopted for aerospace components. For thick CFRP laminated composites, a dent made by an impact, or an indentation load with matrix cracking and multiple delamination cracks, causes the electrical resistance to decrease, as shown in the previous study (17) .
However when measuring the electrical resistance changes of multiple segments in a thick CFRP laminated composite plate with multiple electrodes, the effect on the other segments of a dent in a particular segment is not known. In the present study, experiments are performed to examine this effect using thick CFRP plates with multiple electrodes.
To monitor the location of the damage in the laminated CFRP plate, the relationship between the measured electrical resistance changes and the delamination location must be obtained. In our previous studies (10) - (14) , many experiments were conducted and the least-squares-error method was adopted to obtain the response surfaces: the response is the delamination location and the variables are the measured electrical resistance changes. In reality, using laminated CFRP, the experimental cost is quite high.
To reduce these experimental costs, FEM analyses were adopted to obtain the relationship. In reality the actual damage to the laminated CFRP has complicated multiple delamination cracks (18) . It is impossible to analyze the multiple delamination cracks in detail using 3-D FEM analyses. In the present study, therefore, two types of simplified models are proposed and compared with the experimental results. The response surfaces were determined and damage monitoring was performed for the experimental results using the FEM analyses.
Specimens and experiments
The material used in the present study was unidirectional carbon/epoxy prepreg produced by Mitsubishi Rayon Co. Ltd. The prepreg production number was PYROFIL #380. As a thick CFRP laminate test piece, a simple sixteen-ply quasi-isotropic laminate with stacking sequence [(0/90/45/-45) 2 ]s was used. The CFRP laminates were cured at 130°C and 0.6 MPa for 90 min. using an autoclave. Plate type specimens 170 mm long and 84 mm wide were made from the CFRP plate as shown in Fig.1 . In Fig.1 , (a) and (b) are the indentation points describer later. The thickness of the specimens was approximately 4 mm. and the fiber volume fraction, V f , was 0.53. In total, 12 electrodes were mounted on the dual surface of the CFRP beam to obtain an oblique path of electric current flow. The process used to make the electrodes was shown in a previous study (19) .
To make a delamination crack in the CFRP plate, an indentation test was used. The test jig is illustrated in Fig.2 ; the diameter of the 60 mm metal cylinder was used as a support. The multiple delamination cracks were observed using an ultrasonic C-scan SDS-5400R made by Krautkramer Japan Co. Ltd. At the indentation point, a piece of tire rubber (thickness=1 mm) was used to prevent fiber breakages in the CFRP laminated plate and to retain the electric insulation. At the cylinder support, a one millimeter thick Teflon film was inserted to prevent electrical contact between the specimen and the metallic jig. The loading speed of the indentation test was 0.5 mm/min. Coordinates x-y-z were defined as shown in Fig.1 .
Fig.1 Specimen configuration
The electrical resistance change was measured using a static strain data logger (Kyowa Electronic Instruments Co. LTD.: UCAM-10A). A two-probe method was used to measure the electric resistance change with a bridge circuit shown in Fig. 3 . Fig.2 Indentation test method to make delamination cracks The indentation method shown in Fig.2 generates multiple delamination cracks with a single dent impact. Typical dent configurations have already been shown in a previous paper (17) . Figure 4 shows a typical dent made by a tool drop. The dent was observed using a three-dimensional LASER profilometer (Keyence, Type KS-1100) (17) . Figure 5 shows the ultrasonic C-scan image of the multiple delamination cracks. Fig. 4 Typical dent configuration measured by using the LASER profilometer (17) (Depth approximately 5 µm) 
Monitoring method
To monitor damage location, the electrical resistance change ratios of multiple segments must be measured. In the present study, electrodes were mounted on the top and bottom surfaces of the thick CFRP plate, and the electric current flowed in an oblique path through the thickness of the plate. Since 12 electrodes were mounted in two lines (six electrodes per line), there were 10 segments. We defined the normalized electric resistance change ratio (r i ) as r i = (∆R i /R 0i )/L for each segment (∆R i is the electrical resistance change of ith segment; R 0i is the initial electrical resistance of the ith segment; the norm L is 2 010 10 10) . As in previous papers (10) - (15) , the response surfaces of quadratic polynomials are adopted to obtain the relationships between the electrical resistance changes and the delamination locations. Let us consider the x and y coordinates as shown in Fig.1 . The delamination location (x, y) can be obtained using the two response surfaces as follows: The 66 unknown coefficients β ij (i=x or y, j=0…65) were determined using the least-squares-error method. To obtain better estimates using the least-squares-error method, we needed approximately twice the number of data sets compared with the number of unknown coefficients. In the present study, we needed approximately 130 data sets. To reduce the number of experiments, FEM analyses were adopted. First, the electrical conductance of the CFRP was measured. Since the method uses the normalized electrical resistance change ratio, the absolute values are not important but the relative values are significant for the FEM analyses. The quadratic polynomials are selected here because the quadratic polynomial was sufficient for the delamination monitoring in the previous studies (10) - (15) .
In the present study, 55 FEM analyses for various locations were performed. In addition to the FEM analyses, 110 new sets of data with noise were made by adding 5 % noise to the FEM analyses. The total of 165 data sets was used to obtain the relationships.
The measured experimental results were inserted into Eqs. (1) and (2) . From this, the damage location (x, y) was obtained.
In the present study, the dimensions were almost the same for all damage because the indentation loads were almost the same. This means the smallest delamination cracks were used for monitoring to avoid fiber breakages, and therefore, the damage dimensions were not dealt with.
FEM analyses
It is impossible to analyze the actual complicated delamination cracks from a dent using FEM. Therefore, two models are proposed: the projected model and the multi-crack model. The two models include a high-conductive square pole which is a simplified dent effect: the pole has higher conductivity in the thickness direction compared with the normal CFRP. The two models are shown in Figs.6 (a) and (b) . Each model has a highly conductive square pole as shown in Fig.6 . From observations, the dimensions of the dent were decided at 4 mm square, and the dent was located in the middle of the delamination crack, shown as the bright orange area of the C-scan image in Fig.5 .
As mentioned in the reference (20) , the delamination cracks usually locate in a helical pattern. In the present study, to simplify the model of the multi-crack effect, the helical pattern is not adopted here. The helical pattern may improve the accuracy of the FEM analysis after finding the exact effect of the dent. This is our future work.
(a) Projected model (b) Multi-crack model Fig. 6 Two models adopted in the present study
The projected model has a large single delamination crack in the projected area as shown in Fig.6(a) . The delamination crack area has doubly defined FEM nodes. The release of the two connected nodes enables us to simulate the electric current insulation. In the dent area, there is no delamination crack similar to the observed delamination cracks in Fig.6(b) . Since the square pole has high electric conductivity in the thickness direction, the dent causes the electrical resistance to decrease. As we did not know the exact effect of the dent in the conductivity, we used a fitting method here. The delamination crack causes electrical resistance to increase, and the dent causes a decrease. By changing the conductivity at the dent area, we can find the approximate estimated value of the conductivity compared with the experimental results. In the present study, one experimental result was used to find the approximate conductivity in the thickness direction in the dent area. In the other areas, the measured electrical conductivities were used. These values are shown in Table 1 . Table 1 Electric conductivity of CFRP used in FEM analyses σ 0 is the conductance of fiber direction; σ 90 is the conductance of the transverse direction; σ t is the conductance of the thickness direction and the σ t,Dent is the conductance in the thickness direction at the dent area.
In a previous paper (17) , we found that the actual delamination crack dimensions increase with the increase of depth from the indentation surface. In the present study, multiple delamination cracks are modeled in the multi-crack model as shown in Fig.6 (b) . Each interlaminate has a delamination crack. The bottom delamination crack dimension is the same as for the projected model (12 mm square). The first delamination crack dimension was 0. The dimensions of the other delamination crack increased almost linearly with the depth. The mesh size of the 3-D FEM was 2×2×0.25 (mm). The total number of nodes was 416,672, and the total number of elements was 57,120. ANSYS ver.11 was used for the analyses. To obtain the electrical resistance change ratio between adjacent oblique electrodes, a constant electric current of 1 A was applied to the electrode and voltage was set to 0 at the other electrode.
After each experiment, we obtained the electrical resistance change for every segment. Since the dent area was obtained experimentally, we could calculate the dent effect by changing the conductivity in the thickness direction at the dent square pole using FEM analysis. Using the trial and error method, the conductivity in the thickness direction in the dent square pole was determined. The determined value is shown in Table 1 
Results and discussion

Electrical resistance change caused by a dent
Measured normalized electrical resistance change ratio is shown in Fig.7 in which the abscissa is the segment, and the ordinate is the normalized electrical resistance change ratio. The 1-2 means the electrical resistance change ratio measured between electrodes 1 and 2. In this test, an indentation test was performed at x=-30 mm, and y=-22 mm (the segment "2-3"). The measured results show that the electrical resistance change ratio decreased after the indentation test, as in a previous paper (17) . The decrease of the electrical resistance change ratio was observed for every segment. The decrease was the most significant for the segment where the indentation test was performed. Even in the other segment lines such as 7-8, 8-9, 9-10, 10-11and 11-12, a small decrease was observed. This means the dent effect was quite significant even if the dent was very small compared with the area of the wide CFRP plate.
To obtain the approximate value of the increased electric conductivity in the thickness direction at the dent square pole, trial and error searches were done using the change of the conductivity. As a result, the conductivity shown in Table 1 was obtained. Fig.7 Normalized electrical resistance change ratio (the dent locates in the point (a)).
Since the projected maximum delamination dimension is approximately 12-15 mm, a 12 mm delamination crack was used for the FEM calculations. Diamond symbols show the results of the electrical resistance change calculated using the FEM with a delamination crack of the projected area model (12 mm square crack). Square symbols show the results of the electrical resistance change ratio calculated using the FEM with the multiple delamination crack model (maximum size is 12 mm). These two models show similar electrical resistance change ratios compared with the experimental results. Figure 8 shows the other results of the electrical resistance change ratio: the indentation test was performed at x=0 mm and y=-22 mm (segment 3-4). The experimental results are shown as triangular symbols. As in the previous results, the electrical resistance change ratio decreases for all segments. From these results, even though the diameter of the dent is small, the electrical effect in the thickness direction is significantly large for all segments, especially adjacent segments. We cannot ignore the effect of the dent for the electrical resistance change method of the CFRP plate.
The FEM results of the projected area model are shown as diamond symbols and the square symbols show the results for the multi-crack model. These results show that the difference between them is quite small.
Damage monitoring using electrical resistance change caused by a dent
Using the measured electric conductivities shown in Table 1 , we can calculate the electrical resistance change ratio for many cases. Since the smallest delamination dimension obtained in the indentation experiments was approximately 12 mm, the delamination dimension was fixed to 12 mm. The 55 cases for the different locations were analyzed using the two models: the projected area model and the multi-crack model. Since the FEM analysis was free from experimental noise, random noise was added to the FEM results and 110 sets of artificial experimental data with noise of 5 % of the maximum signal, were made. Using the total 165 data sets, the response surfaces to predict the damage location of the x-and y-coordinates were constructed.
As shown in a previous paper (14) , when we use the normalized electrical resistance change ratio shown in Eqs. (1) and (2), the response surfaces achieve a very high performance. Eight experimental results were inserted into Eqs. (1) and (2) to obtain the estimated results of the damage locations. Note that every experimental data set was new for the response surfaces. ) show the results of the estimates based on the FEM analyses with the projected area model. The abscissa is the measured indenter location and the ordinate is the estimated indenter location. Open circle symbols represent the estimated results of the FEM analyses used to make the response surfaces. Solid square symbols represent the estimated results for the experimental data. Estimates of the experimental data for the x-direction (see Fig.9 (a) ) show good results while the estimates for the y-results are not as good.
Since there are only two lines of electrodes in the y-direction, the estimated results for the experimental data are not as good compared with the estimated results for the x-direction. These estimated performances are similar to the results of previous research on the thin CFRP plate (12) .
The estimates in the x-direction provide high performance as shown in Fig.9 (a) , and this means that we can monitor the damage location from the electrical resistance caused by a dent in a thick CFRP plate. show the estimated results of damage locations using FEM analyses with the multi-crack model. As previously mentioned, there is only small difference between the electrical resistance change ratios for the two models. However, the estimated results of the x-coordinate of the multi-crack model are better. To compare exactly, the square sum of the errors for both cases are calculated for the eight experimental results. Table 2 Square sum of the errors for the estimates for both models Table 2 shows the results of the square sum of errors for both models. The results of the square sum of errors show that the estimates using the multi-crack model give better performance (small errors) compared with the estimates using the projected area model. The difference is, however, not large. Since the FEM modeling of the multi-crack model is very time consuming and the improvement of the estimation performance is not as high, we can conclude the projected area model is adequate for practical damage monitoring.
Conclusions
In the present study, the electrical resistance changes of thick CFRP plates with multiple electrodes were measured experimentally, and the effect of a dent on adjacent segments was experimentally investigated. Two models of the complicated delamination crack were used to estimate the electrical resistance changes in FEM analyses: a projected area model and a multi-crack model. The estimates of the decrease of conductivity in the dent area were evaluated using a trial and error search of the experimental results. Fifty five FEM analyses were conducted, and response surfaces were constructed to estimate the damage locations. The results obtained were as follows. (1) A dent caused by the indentation load causes significant increase in electric conductivity increase in the thickness direction. This dent results in a decrease in electrical resistance even in the adjacent segments in a large plate. (2) Using the decrease in electrical resistance caused by the dent, it is possible to monitor damage location. (3) For damage monitoring, a projected area model is simple, and gives affordable performance for monitoring the location of the damage.
